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Abstract  
Background 
The application of Chlorella vulgaris for simultaneous CO2 biofixation and nutrient removal 
has been optimised using response surface methodology (RSM) based on Box Behnken 
design (BBD). Experimental conditions employed comprised CO2 concentrations (Cc,g) of 
0.03-22% CO2, irradiation intensities (I) of 100-400 μE, temperatures of 20-30°C and 
nutrient concentrations of 0-56 and 0-19 mg/L nitrogen and phosphorus respectively, the 
response parameters being specific growth rate µ, CO2 uptake rate Rc and %nutrient removal.  
Results  
Over 10-days the biomass concentration reached almost 3 gL-1 for Cc,g of 5% CO2, with 
corresponding values of 0.74 g L-1 d-1 and 1.17 day-1 for Rc and µ respectively and 100% 
nutrient (N and P) removals. At 22% CO2 the Rc and µ decreased by around an order of 
magnitude, and nutrient removal also decreased to 79% and 50% for N and P respectively.  
Conclusion 
Optimum values 5% CO2, 100 µE and 22°C were identified for Cc,g, I and T respectively, 
with µ and Rc reaching 1.53 day-1 and 1 g L-1 d-1 respectively along with associated nutrient 
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removal of 100%. Regression analysis indicated a good fit between experimental and model 
data. 
Keywords: Algae; Chlorella vulgaris; Photobioreactor; Box-Behnken; optimisation. 
 
Nomenclatures 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Symbol Description and units 
Cc,g  CO2  concentration in the inlet gas, % 
I Light incident, µE m-2s-1 
Px Biomass productivity, g L-1 d-1 
Rc CO2 uptake rate, g L-1 d-1  
Rc’ Biomass–normalised CO2 fixation rate, g CO2 g biomass-1 d-1  
T Temperature, °C 
TC Total carbon, mg L-1 
TN Total Nitrogen concentration, mg L-1 
TP Total Phosphorus concentration, mg L-1 
X Biomass concentration, g L-1 
Greek characters 
µ Specific growth rate, d-1 
Subscripts 
i Initial value  
f Final value 
max Maximum 
Abbreviations 
ANOVA Analysis of variance 
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1 Introduction 
 
Microalgae, configured as photobioreactors (PBRs), have attracted considerable attention as 
the basis of combined biological method for removal of nutrients (nitrogen N and phosphorus 
P) from wastewaters and CO2 fixation from flue gases.1 The microalgae Chlorella vulgaris 
has been extensively studied for CO2 mitigation under a range of operating conditions, 
including gas CO2 concentration,2-6 light intensity7,8 and temperature.8,9 Nutrient removal 
using microalgae has been studied since the mid-1970s.10 PBRs offer a more sustainable 
alternative to the established biological nutrient removal (BNR) process, which demands 
energy for aeration and the pumping of sludge between various tanks in the treatment 
scheme, as well as supplementary chemical dosing with coagulants to obtain the required P 
removal.11 However, whilst offering a potentially sustainable solution for combined nutrient 
and CO2 abatement, the process footprint can be up to two orders of magnitude greater than 
BBD Box Behnken Design 
BNR Biological nutrient removal 
DDF Derringer’s desired function 
df degree of freedom 
HRT Hydraulic residence time, d 
MLA Marine labs American society of microbiology-derived medium 
PBR Photobioreactor 
RE Removal efficiency, % 
OC Organic carbon, mg L-1 
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that of the BNR process.1 Optimization of the process, so as to enhance the CO2 fixation (and 
so biomass growth) and nutrient assimilation, is thus critical.  
Reported figures for the biomass–normalised CO2 fixation rate, Rc’ (Table 1) for a single 
species (Anabaena sp.) vary between 0.5 and 1.2 g CO2 g biomass-1 d-1 for a gas stream 
containing ambient concentrations of CO2,12 the precise Rc’ value being dependent on CO2 
concentration Cc,g 3 light intensity I,12 and other operating conditions such as hydraulic 
residence time (HRT). Corresponding figures for B. braunii indicate somewhat lower rates 
but a higher maximum attainable algal biomass concentration (Xmax); reported data for C. 
vulgaris and Scenedesmus obliquus indicate moderate CO2 fixation rates (0.09-0.35 and 
0.098-0.26 g CO2 g biomass-1 d-1 respectively) with corresponding maximum specific growth 
rates (µmax) of 1.37 d-1 and 1.19 d-1. 
Table 1 
CO2 fixation as a function of I appears to follow no recognisable pattern across either 
different species or different investigations for the same species.1 Against this, for individual 
studies subject to the same standardized conditions fixation and biomass productivity both 
increase with I as expected to some maximum governed by light saturation.3,12,13 Batch 
experiments on four different algal species (C. vulgaris, P. subcapitata, S. salina, and M. 
aeruginosa) indicate that an approximate trebling of light intensity (from 36 µmol photons m-
2 s-1) yields a 70-90% and 35-45% increase in biomass productivity and CO2 uptake 
respectively 14. Further increases in I may then inhibit and diminish Rc and µ.15 
In the case of nutrient removal, a wide range of removals and biomass productivity (PX) 
values for C. vulgaris have been reported (Table 2). PBR performance again increases with 
HRT and biomass concentration X, due to the limited nutrient uptake rate of the biomass, but 
is also pH-sensitive.16 A maximum uptake rate of 4-5 mg L-1d-1 N and 0.4-0.6 mg L-1d-1 P has 
been reported for both a classical stirred tank PBR and a membrane PBR operating at a 2-5 d 
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HRT.17 Nutrient removal for continuous processes of 2-3d HRT are generally below 85% for 
both N and P, compared to 75-88% N and 80-99% P for the BNR process 1. This reduced 
robustness compared with BNR arises primarily from the combined impact of the lower Xmax 
(generally <1.5 g/L, cf. >3 gL-1 for BNR) and slower algal biokinetics. 
Table 2 
Whilst various studies have reported trends in key parameters such as X and Rc, optimisation 
is complicated by the large number of variables, including light intensity, CO2 gas or organic 
carbon (OC) liquid load, biomass concentration and volume, biomass retention time, algal 
species, biomass physico-chemistry (specifically pH and temperature) and feedwater nutrient 
load. To optimise the system for just five of the key variables for a single algal species and 
reactor configuration, based on just three parameter values and a classical n-factorial 
approach, would demand 243 (i.e. 35) individual experiments. 
An alternative to the classical factorial-based approach is the use of statistical experimental 
design to reduce the number of tests, and identify synergistic relationships and optimum 
conditions. This includes Box Behnken Design (BBD) which, while developed in the early 
1960s 18, has only recently been employed for algal bioreactor optimisation,19 in particular 
relating to lipid or biofuel generation.20,21 BBD permits a significant reduction in the number 
of experiments whilst still enabling synergies between the different parameters to be 
identified along with the optimum set of conditions.22 It therefore provides an elegant and 
efficient approach for elucidating inter-relationships for complex, multi-parameter systems, 
such as PBRs. 
Given the practical significance and potential economic benefit of combined nutrient 
abatement and CO2 fixation,1 it is of obvious interest to evaluate this specific application 
more extensively. The current study appraises the influence of the most important process 
variables of influent gas CO2 concentration, light intensity and temperature, along with feed 
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water N, P and TC, on the key performance determinants of biomass accumulation, CO2 
fixation rate, and nutrient removal. The study uniquely both (a) employs Box Behnken 
statistical experimental design to identify the optimum condition, and (b) combines nutrient abatement 
from wastewater with CO2 fixation, potentially from flue gases, in a single practical experimental 
study. The use of BBD for this dual function enables the optimum conditions to be identified. 
 
2 Material and Methods 
2.1  Algae preparation and determination 
The Chlorella vulgaris algal strain (CCAP 211/11B, CS-42) used was as described 
previously.23 Experiments were conducted in 350 mL cylindrical glass columns (ID = 4 cm), 
each with a 250 mL working volume. The standard MLA medium consists of the following 
components: MgSO4·7H2O 49.4 mg/L; NaNO3 170 mg /l; K2HPO4 34.8 mg /l; H3BO3 2.47 
mg/L; vitamin B12 0.05 ߤg /l; thiamine HCl 0.1 mg/L; biotin 0.05 ߤg/L; Na2EDTA 4.56 
mg/L; FeCl3·6H2O 1.58 mg/L; CuSO4·5H2O 0.01 mg/L; ZnSO4·7H2O 22	ߤg/L; CoCl2·6H2O 
0.01 mg/L; NaMoO4·2H2O 0.006 mg/L; NaHCO3 16.9 mg/L; CaCl2·2H2O 29.4 mg/L). The 
concentrations of both NaNO3 and K2HPO4 in the standard medium were varied to 
accommodate different concentrations of TN (0-56 mg L-1), TP (0-19 mg L-1). 250 ml batches 
of sterilized medium with different concentrations of TN (0-56 mg L-1), TP (0-19 mg L-1), 
and TC (0-20 mg L-1) were inoculated by 1 vol% pre-cultured C. vulgaris with initial cells 
concentration of 0.7×106 cells mL-1. The culture was continuously fed with a flow of 50-52 
mL min-1 filtered air enriched with 0.03-22% CO2, adjusted by digital mass flow controllers 
(MC-100SCM, Cole-Parmer, USA); inlet and outlet gas concentration (Cc,g) was measured 
using a CO2 probable meter (G110, Geotech, UK). The control sample was aerated with air 
only (0.03 % CO2). The cultivation temperature (T) was varied from ambient 30°C down to 
20°C using an incubator refrigerator (Temperature Cycling Chamber, LABEC, Australia). 
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Continuous illumination at a light intensity (I) between 180 and 400 µE, provided by 
adjusting the number of 8W LED lights between 4 and 8, was measured by a light meter (LI-
250A, LI-COR, US). A 5 mL sample was extracted daily for analysis, equating to a hydraulic 
and solids residence time of 50 days, and all runs lasted for 10-13 days. 
 
Nutrient concentrations of the 0.45 μm-filtered liquid sample were determined 
colorimetrically using HACH test kits (DR/890 Colorimeter, HACH, USA) and the total 
organic carbon (TOC) concentration using a Shimadzu TOC analyser (TOC-VCPH, 
Shimadzu, Japan). The optical density was determined by UV-Vis spectrophotometer 
spectrophotometer (Jasco V-670, JASCO Corporation, Japan) at 680 nm, and the reading 
converted to dry cell weight (DCW g/L) by calibration. The specific growth rate µ was then 
calculated from the initial and final biomass concentrations and the corresponding cultivation 
time. For all nutrient tests the control sample contained 6 mg L-1 TP and 28 mg L-1 TN, based 
on the typical medium MLA composition stipulated by the supplier. 
 
2.2 Experimental design and regression analysis 
Box Behnken Design (BBD) was employed to optimize the process based on algal growth, 
expressed as µ in d-1, biomass productivity PX in g (dry weight) biomass L-1 d-1, and: 
a) CO2 capture (RC), as a function of feed Cc,g, I, and T, and  
b) Nutrient removal, as a function of feedwater composition with reference to TN, TP and 
total carbon (TC). 
RC is given by C PX MCO2/MC, where C is the dried cells % carbon content, measured by an 
element analyser (CHNS/O analyser, PerkinElmer, USA), PX  the biomass productivity, and 
MCO2 and MC are the respective molar weights of CO2 and carbon. 
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BBD experimental design employs a matrix of tests based on a number of parameters, in this 
case three. The impact of each parameter is evaluated by selecting three or more values (or 
“levels”) of these parameters and then conducting tests which encompass every combination 
of each parameter value. The results of the experiments in terms of the impacting (or 
“response”) parameters can then be evaluated through a statistical model.22 Two such multi-
level, three-parameter BBD matrices were created to examine the synergistic relationships 
between these sets of three parameters within specific limits (Table 3). A total of 15 
experimental runs, randomly sequenced in duplicate to reduce the effect of the temporal-
related errors, were conducted to determine the 10 coefficients of the second order 
polynomial generated from the statistical model.24 JMP statistical discovery software (SAS 
v11.2.1) was used to complete the regression analysis and generate the graphical 
relationships. The variability of the factors was expressed as coefficient of determination (R2) 
values. The model equation was then used to identify the interaction between the variables 
within the specified experimental boundary conditions. Subsequent optimization to identify 
the conditions for maximising µ, RC and nutrient removal was through maximising the 
desirability function using Derringer’s desired function (DDF) methodology.25 
Table 3 
 
3 Results and discussion 
3.1 Scoping trials: Growth as a function of CO2 concentration 
The specific growth rate µ at a fixed T of 24°C and I of 200 µE over a 10-day cultivation 
period increased from 0.64 d-1 (Rc = 0.328 g L-1 d-1) for Cc,g = 0.03% to 1.17 d-1 at 5%, with a 
corresponding Xmax of 2.94 g L-1 (Rc = 0.744 g L-1 d-1) at the higher Cc,g (Fig.1 a-c).  
Increasing Cc,g further to 22% resulted in a decreased growth rate (µ = 0.097 d-1, Xmax = 1.11 
g L-1, Rc = 0.28 g L-1 d-1). 
This article is protected by copyright. All rights reserved.
A
cc
ep
te
d 
A
rti
cl
e
The reduced biomass production at the high Cc,g of 22% is likely to be due to the inhibitive 
impact of the associated low pH on growth and CO2 mass transfer, the latter pertaining to the 
relatively slow rate of hydrolysis of CO2 to H2CO3,1 and the associated depression of 
photosynthesis.26,27 Low-intermediate Cc,g concentrations (0.03-5 %), on the other hand, 
caused insignificant inhibition: these levels were associated with pH values in the optimum 
range of 7-7.5. A 25% increases in µ (from 0.52 to 0.65 d-1) has been previously reported on 
increasing Cc,g from ambient levels to 15%, whilst reports2,28-30 have indicated that increasing 
Cc,g from 2.5% to 9.5% has little influence on growth. 
Fig. 1 
 
3.2 Scoping trials: Growth and nutrient removal 
Increasing the initial TN concentration (TNinit = 0-56 mg L-1) at a constant TP of 8 mg L-1 
produced the expected increase in C. vulgaris biomass growth (Fig. 2) and with close to 
100% TP removal within the TPinit range of 2.7-7 mg L-1. Against this, the initial TP 
concentration apparently has a significant impact on algal growth and TN uptake, with only 
30% N removal at the lowest TPinit concentration (1.2 mg L-1).  TN removal also declined 
from >90% to 75% removal at the highest TPinit concentration of 19 mg L-1, where the 
corresponding TP removal also declined to 53%. The low removal efficiency (RE) can be 
largely attributed to the excessive nutrient load and/or its unbalanced N/P ratio (Fig. 3), along 
with the impairment of light transmission by the high biomass concentration. Whilst high TP 
concentrations generally favour biomass productivity,28 studies conducted at a number of 
different N/P ratios (Table 2) have demonstrated that the ratio is crucial for effective nutrient 
removal. An optimum value of 8 has been reported31 – within the range of 7-10 found for the 
current study (Fig. 3) associated with a maximum specific growth rate of 1.04 d-1. 
Fig. 2 
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Fig. 3 
 
3.3 Multiple regression analysis and analysis of variance 
The multiple regression analysis conducted to determine the relationships between the three 
response parameters of RC, N and P RE, and μ with respect to Cc,g, I and T generated the 
following second-order polynomial equations from the BBD matrix of experimentally-
measured data (Table 4): 
 
RC, mg L-1d-1 = 4710 + 298 Cc‚g - 2.93 I – 331 T + 0.0128 Cc‚g I – 8.63 Cc‚g T - 1.56 × 10-3 I T 
- 0.965 Cc‚g 2 + 3.23 ×10-3 I2 + 6.83 T2                                                                (1) 
µ, d-1 = 2.02 + 0.216 Cc‚g – 1.27 × 10-4 I - 0.090 T – 3.60 × 10-4 Cc‚g I – 5.24 × 10-4 Cc‚g T - 
2.36 × 10-5 I T + 4.26 × 10-3 Cc‚g 2 + 1.18 × 10-5 I2 + 1.90 × 10-3 T2                                        (2)                         
TN RE (%) = 41.2 + 9.33 Cc‚g + 0.067 I + 3.00 T - 2.03×10-17 Cc‚g I - 0.040 Cc‚g T + 
1.42×10-017 I T - 0.812 Cc‚g 2 - 3.11×10-4 I2 - 0.060 T2       (3) 
TP RE (%) = -32.2 - 1.71 Cc‚g - 0.049 I + 11.5 T + 0.012 Cc‚g I + 0.181 Cc‚gT - 9.47 × 
10-18 I T - 0.589 Cc‚g2 - 3.88×10-5 I2 - 0.245 T2                                                             (4) 
The coefficient of determination (R2) of the regression equations for the correlations for Rc, μ, 
and the RE values for TN and TP were 0.94, 0.98, 0.98 and 0.94 respectively (Fig. 4). The 
above quadratic expressions can thus adequately describe the relationship between the factors 
and responses. 
Analysis of variance (ANOVA) was applied to generate the sum of squares, degree of 
freedom (df), mean squares, f-values and p-values by fitting the experimental results to the 
second-order polynomials Eqs. 1-4. P-values below 0.05, i.e. representing a significant 
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correlation, were generated for Cc,g and I for µ, Rc, and TN and TP removal. The impact of T 
was found to be less significant (p-values > 0.1) within the range examined. Whilst the linear 
terms (i.e. terms in Cc,g and I) were found to significantly influence µ (p-value<0.05), the 
combined terms (i.e. Cc,gT and IT) were less significant. N and P removals were both 
significantly influenced by the individual and combined initial terms Cc,g and I, whereas the 
influence of the Cc,gT and IT terms was less significant. Similarly, for RC there was better 
interaction between Cc,g  and T, but T itself remained insignificant in comparison with the 
other parameters. The satisfactory agreement found between the experimental and model data 
(Fig. 4), justified the use of the equations for generating the response surface correlations. 
Fig. 4 
Table 4 
 
3.4 BBD analysis and optimization 
3D response surface and 2D contour plots (Figs 5-6) were generated from Equations 1-4 for 
two factors (Cc,g, I), the third (T) being kept constant. The discrete data points refer to actual 
experimental response data values, added to demonstrate the fit with the model-generated 
response surface. 
Rc increases with increasing Cc,g, between 0.03 and 5%, with  I up to 100 μE (Fig. 5 a & b), 
corroborating previous studies32 reporting similar trends, but decreased with beyond 100 μE 
m-2s-1. Microalgal cells exposed to high light irradiance may undergo damage of the 
photosynthetic units, making them non-functional and causing photo-inhibition. Whilst this 
can take place at all irradiance levels, non-photochemical quenching (NPQ) processes 
become evident if the rate of photo-inhibition exceeds the rate of repair resulting in large 
proportions of the captured light being dissipated.33 Conversely, as light irradiance decreases 
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the level of photosynthesis-active radiation decreases to low levels which significantly reduce 
photosynthesis activity, as reflected in the CO2 fixation rates. 
Generally, growth and metabolic rates are enhanced by increasing the temperature until an  
optimum value is reached for a species; further temperature increases may then reduce cell 
growth through cell damage or death.34 For the current study the temperature range of 20-
30°C selected was insufficiently broad to generate a significant change in Rc through either 
microbial or gas solubility impacts. The results recorded were nonetheless consistent with 
those previously reported,35 and were reflected in the related parameter μ which demonstrated 
similar trends (Fig. 5 c & d). 
TN RE followed a similar trend of increasing removal with increasing Cc,g and decreasing I 
over the ranges studied (Fig. 6 a & b), with ~100% removal attained at a relatively low 
irradiance (50-200 μE) and 3-5% Cc,g. TP trends indicated a flatter response with irradiation 
at the maximum Cc,g of 5% (Fig. 6 c & d). TN uptake appears to be reduced at low CO2 
concentrations 36. Conversely, high CO2 concentrations activate N reductase, enhancing N 
assimilation2 as well as increasing the HCO3- concentration through reaction of CO2 with 
protons generated from N and P uptake by microalgae cells.37 This then maintains a neutral 
pH value, providing more favourable conditions for algal growth. 
Figs. 5-6 
TP was 100% removed at all irradiance levels studies at the highest Cc,g of 5%, only 
demonstrating irradiance dependency at lower Cc,g levels.  Light stress associated with high 
light intensities arises, when the energy imparted cannot be dissipated as fluorescence and 
heat, can impair photosynthesis,38 potentially breaching the light saturation limit of the alga 
and negatively impacting on P removed. Consumption of TP was accompanied by 
photosynthesis uptake of dissolved inorganic carbon. However, P removal is impacted more 
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than N removal by pH via abiotic precipitation, though assimilation by algae remains the 
primary P removal mechanism.39 P removal close to 100% has been previously reported 40. 
According to the BBD results, the optimal conditions for maximizing Rc, μ, and the TN and 
TP removal efficiencies based on DDF methodology were found to be at Cc,g = 5%, I = 100 
µE m-2 s-1 and T = 22 ºC. Under these conditions, the predicted Rc, μ and TN, TP removal 
efficiencies were found to be 1000 mg L-1 d-1, 1.53 d-1 and 100% RE for both N and P 
respectively. 
Table 5 
4 Conclusions 
The response of Chlorella vulgaris (Cv) to different levels of feed gas CO2 concentration 
(Cc,g), light irradiation (I), Temperature (T), and aqueous nutrient concentrations (TN and TP) 
has been assessed. Response parameters comprised the specific growth rate μ, the CO2 uptake 
rate Rc and nutrient removal efficiency (RE N and P).  
Scoping trials revealed Cc,g values of 22% to be deleterious to μ and Rc, as well as to nutrient 
RE.  Rc and μ dropped 2.64 and 12 folds respectively when Cc,g increased from 5 to 22% 
.This was attributed to both pH effects and impaired CO2 mass transfer. It was further 
demonstrated that Cv in MLA medium with a starting concentration of 6 mg L-1 P and 28 mg 
L-1 N could completely remove the nutrients with high associated µ and Rc values (of 1.17 d-1 
and 744 mg L-1d-1 respectively) following 10 days of cultivation. Rc, µ, and nutrient removal 
rates were significantly decreased when the culture was fed with a feed gas containing 22% 
CO2. 
Subsequent optimisation was based on a Cc,g range of 0.03% (i.e. ambient levels) to 5%, 
along with a temperature range of 20-30°C and light intensity of 100-400 μE. A following 
experiment was then carried out to optimise nutrient removal within concentration ranges of 
0-56 mg L-1 TN and 0-12 mg L-1 TP and 0-20 mg L-1 TC. Optimisation employed Box 
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Behnken design (BBD) and response surface method (RSM) to discern the nature of the 
synergies between operating parameters and concentrations of aqueous nutrient and CO2 gas 
concentration.  
The analysis revealed a synergy between Cc,g and I for both Rc and µ, temperature having no 
significant effect. To achieve maximum CO2 fixation rate with complete nutrient removal (N 
and P) and obtain a maximum μ of 1.53 d-1, the analysis predicted optimum Cc,g and I values 
of 5 % and 100 μE respectively. This was confirmed through experimental validation. The Rc, 
µ and nutrient removal efficiencies appear to have been well described by quadratic models 
developed using BBD according to multiple linear regression analysis of the outputs, with 
ANOVA analysis confirming the relative importance of the different parameters.  
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Figures Captures 
Fig. 1: Algal growth trends with feed gas CO2 concentration: (a) X, (b) Px, (c) Rc’, and (d) Rc. 
“Control” refer to the sample aerated with only air (0.03%), (I=200 μmol m-2 s-1, T=24 oC). 
Fig.2: Xmax and % nutrient removal, 13 days cultivation, at different initial nutrient concentrations 
(TNinit and TPinit): normalised initial nutrient concentration = initial nutrient concentration / 
maximum initial nutrient concentration (TNinit,max and  TPinit,max = 56 and 19 mg L-1 respectively). 
Fig.3: Specific growth rate and nutrient removal efficiencies after 13 days of cultivation and a 
function of N/P concentration ratio.  
Fig.4: Comparison between experimental data and predicated values of Rc, TN and TP removal, and 
µ. The dotted curved lines indicate the >95% confidence bands; horizontal dotted lines represent the 
mean of the Y leverage residuals (i.e. the measure of agreement with the model). 
Fig. 5: 3D response surface and contour map for CO2 fixation rate (a ,b) and  µ (c ,d), at the optimum 
temperature of 22 oC. 
Fig. 6: 3D response surface and contour map for TN RE (a, b) and TP RE (c, d), at the optimum 
temperature of 22 oC. 
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Fig. 1: Algal growth trends with feed gas CO2 concentration: (a) X, (b) Px, (c) Rc’, and (d) Rc. 
“Control” refer to the sample aerated with only air (0.03%), (I=200 μmol m-2 s-1, T=24 oC). 
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Fig. 2: Xmax and % nutrient removal, 13 days cultivation, at different initial nutrient concentrations 
(TNinit and TPinit): normalised initial nutrient concentration = initial nutrient concentration / 
maximum initial nutrient concentration (TNinit,max and  TPinit,max = 56 and 19 mg L-1 respectively).
0.0 0.2 0.4 0.6 0.8 1.0
0.0
0.2
0.4
0.6
0.8
1.0
1.2
1.4
1.6
1.8
0
20
40
60
80
100
 Xmax, TNinit=56
Normalised initial nutrient concentration
X m
ax
, g
 L
-1
%
 n
ut
rie
nt
 re
m
ov
al
 
 
RE TN TNinit=56 %  RE TPTNinit=56 %
 Xmax, TPinit=8
 
RE TNTPinit=8 %
 RE TPTPinit=8 %
This article is protected by copyright. All rights reserved.
A
cc
ep
te
d 
A
rti
cl
e
 
Fig. 3: Specific growth rate and nutrient removal efficiencies after 13 days of cultivation and a 
function of N/P concentration ratio.   
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Tables Captures 
Table 1: Reported CO2 fixation rates for various algae species, batch systems unless 
otherwise stated. 
Table 2: Variation of the TP and TN removal efficiencies with the optimum N/P ratio. 
Table 3: Parameter values.  
Table 4: BBD matrix, experimental outputs. 
Table 5: Comparison between predicted and experimental optimum conditions. 
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Table 1: Reported CO2 fixation rates for various algae species, batch systems unless otherwise 
stated. 
Light 
intensity, 
μmol m-2 s-1 
CO2 fixn. 
rate, Rc 
g L-1d-1 
HRT, d Max. biomass 
concn, Xmax, g L-1 
Inlet CO2  
Cc,g, 
%v/v
Flow rate 
Qg, vvm 
Rc’, g CO2 g 
biomass-1 d-1 
Specific 
growth rate 
µ, d-1 
Refs 
Botryococcus braunii 
62.5 0.496 53 3.11 5 -- 0.15 0.24  
87.5-538 0.089 2.5 1.9 0.03a -- 0.047 -- 42 
570 0.024 1b 0.92 1 -- 0.026 0.052 43 
Scenedesmus obliquus 
107 0.097 0.8-0.2 1.39 0.03a -35 2.1-8.3 0.06 0.64 5 
180 0.28 -- 1.84 0.03a -50 0.25 0.15 0.94 44 
135-200 -- 1 -- 0.03a -- -- 0.28 45 
60 0.549 -- 3.5 10 0.003 0.15 1.19 46 
40-50 0.08** 33 0.3 15 2 0.26 1.14 40 
40 0.049** -- 0.53 0.03a -- 0.098 -- 47
Anabaena sp. 
900 1.45 2-3b 3 0.03a 0.2 0.48 -- 48 
0-460 0.43 3.3b 0.76 10.6 ~3 x 10-4 0.56 -- 49 
250 0.65-0.8 5 0.58-1.2 5-15, 10 0.04 0.66-1.12 -- 3 
650 0.16-0.58 0.7-6b 0.35-0.95 0.03a 0.13-0.75 0.45-0.61 -- 12 
975 0.25-0.65 0.7-6b 0.45-1.35 0.03a 0.13-0.75 0.55-0.48 -- 
1625 0.36-1 0.7-6b 0.5-2 0.03a 0.13-0.75 0.72-0.5 -- 
Chlorella vulgaris 
180 0.47 100 1.34 0.03a -- 0.35 1.19 13 
62.5  0.25 53 1.94 5 -- 0.12 0.29 41
126 0.30 -- 0.821  0.03a -- 0.36 0.73 14 
(60-70) 0.162 -- 0.75 (0.03a-5) -- 0.21 0.28 4 
(40-50) 0.062** 33 0.29 15 2 0.21 1.37 40 
40 0.046** -- 0.49 0.03a -- 0.094 -- 47 
142 0.12** 2b 1.37 4 0.014 0.09 -- 50
aAtmospheric level; HRT = hydraulic residence time; vvm = volume gas per volume liquid 
per minute. 
bContinuous system otherwise Batch system. 
**Rc estimated from Chisti ratio: CO0.48H1.83N0.11P0.01; Rc = 1.88 × Poverall, Poverall = ΔX/Δt.  
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Table 2: Variation of the TP and TN removal efficiencies with the optimum N/P ratio. 
Cultivation 
wastewater 
Strain  Optimum 
N/P ratio 
TP % 
removal
TN%  
removal
PX 
(mg L-1 d-1) 
Ref 
Domestic Mixed 14 92.4 77 -- 51 
Domestic C. vulgaris  192.6 84.2 44 -- 52 
Domestic C. vulgaris 1-10 89 78 2.75 28 
11-20 81 84 2.3 
21-30 59 83 1.18 
61-70 24 73 0.41 
Synthetic C. vulgaris 8 -- 93 -- 31 
Domestic C. vulgaris 2.85 97.8 67.2 234 29 
Synthetic C. vulgaris 18.8 85.9 82.5 72 50 
Domestic C. vulgaris 7 70 86 -- 53 
Municipal C. vulgaris 21 100 70 54 54 
Co-culture1  100 80 65 
Synthetic C. vulgaris 5 96 97 230-212 55 
1 C. vulgaris & Planktothrix 
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Table 3: Parameter  values  
Parameters Range of 
values 
CAMPAIGN 1 Min  Max
%CO2 Cc,g, v/v 0.04  5 
Light intensity I, μE 100  400 
Temperature T, ℃  20  30 
CAMPAIGN 2    
TC, mg L-1 0  20 
TN, mg L-1 0  56 
TP, mg L-1 0  12 
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Table 4: BBD matrix, experimental outputs.  
 
 
 
 
 
 
 
 
 
  
Run Ccg,  
% 
I,  
µE m-2 
s-1 
T,  
C° 
TN 
RE, 
% 
TP  
RE, 
% 
µ,   
d-1 
RC, 
mg L-1 
d-1 
1 5 250 20 98 100 1.30 958 
2 2.5 250 25 92 100 0.89 386 
3 0.04 250 30 74 76 0.64 358 
4 2.5 400 30 67 86 0.56 357 
5 2.5 400 20 72 90 0.61 363 
6 0.04 250 20 75 85 0.67 363 
7 0.04 100 25 80 100 0.72 377 
8 2.5 250 25 92 100 0.89 386 
9 5 400 25 80 100 0.9 539 
10 2.5 250 25 92 100 0.9 386 
11 2.5 100 30 100 100 1.35 899 
12 5 175 25 100 100 1.47 72 
13 5 250 30 95 100 1.25 525 
14 0.04 400 25 60 50 0.42 112 
15 2.5 100 20 100 100 1.32 900 
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Table 5: Comparison between predicted and experimental optimum conditions 
 
 
 
Factors  Response Experimental Predicted % error 
Cc,g = 5 % RC g L-1.d-1 1032 1000 3.4 
I  = 100 ߤܧ μ, d-1 1.51 1.53 1.4 
T = 22℃ RE TN, % 96 100 4.0 
 RE TP, % 100 100 0.0 
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